Abstract: Both airborne asbestos and non-asbestos fiber concentrations were evaluated in Korean non-occupational environments. The airborne fiber concentrations were analyzed in 96 air samples, from 48 different points, by transmission electron microscopy, with energy-dispersive X-ray analysis. The geometric means of the airborne asbestos and non-asbestos fiber concentrations were 0.62 and 67.86, and 0.30 and 17.47 fibers/liter in urban and rural areas, respectively. There were significant differences in both the airborne asbestos and non-asbestos fiber concentrations between the urban and rural areas (p<0.05). The geometric means of airborne asbestos and non-asbestos fiber concentrations were 0.67 and 37.93, and 0.27 and 30.67 fibers/liter at the points less than 10 m and more than 30 m away from highways, respectively. The airborne asbestos concentrations were significantly higher at the points less than 10 m away than at the points more than 30 m away from highways (p<0.01).
Introduction
In Korea, asbestos began to be used in the 1930s, and came into wide use for industrial purpose in the mid-1970s 1) . Thus, after 30 yr of asbestos use, asbestos-related diseases now have a higher possibility of incidence. In 1993, the first case of an asbestos related malignant mesothelioma was officially acknowledged, and four workers, with more than 10 yr employment in the asbestos industry, were found to have asbestosis in 1995, with one or two such physical disorders reported annually to date 2) . However, in Korea, studies on asbestos have mostly been limited to inside workplaces dealing with asbestos [3] [4] [5] [6] [7] [8] [9] [10] , with some having been conducted on the inside of subway stations 11) and parking lots 12, 13) . There have been a few studies on environmental (non-occupational) exposure to asbestos. Because asbestos has been used for brake linings and industrial equipment, as well as asbestos panels, gypsum board and heat sinks, asbestos exposure to general residents, as well as workers in related-industries, is likely to be serious. Besides studies regarding the concentrations of asbestos exposure to the general public and its current status have hardly been explored not to mention of the lack of legal system concerned.
The aims of this study were as follows: (1) to determine airborne asbestos and non-asbestos fiber concentrations, by analytical transmission electron microscope (ATEM) in Industrial Health 2004, 42, [171] [172] [173] [174] [175] [176] [177] [178] Korean urban (industrial, business and residential area) and rural areas (agricultural, fishing and forestry area), (2) to compare airborne asbestos and non-asbestos fiber concentrations by the distance from highways, and (3) to obtain data that would contribute to establish background asbestos and non-asbestos fiber exposure level to refer the occupational exposure.
Materials and Methods

Sampling period and areas
Samples were taken during May, 2001, to avoid the effects of the seasonal Aeolian dust (yellow sand) and the rainy seasons. Table 1 shows the study areas and the number of samples. The Korean areas were divided into two large categories, urban and rural areas, and further into smaller categories, those of industrial, business and residential in the urban areas, and agricultural, fishing and forestry in the rural areas. Total of twenty four places were selected in four areas from each category for this study.
In order to estimate the influence of highways in each area, two points, one less than 10 m and the other more than 30 m away from a major highway were selected, making a total of 48 points ( Table 1) . The sampling points, if possible, were designated to collect samples on high structures in order to remove other influential factors.
Sampling and analytical methods
Each air sample was collected on a membrane filter (Millipore AA, 47 mm in diameter) mounted on an open filter holder. The air sampling was carried out for 8 h, at a flow rate of 10 l/min. To evaluate the daily variations in fiber concentrations, air samples were taken at the same point by the same method, for two days.
All the samples were prepared by the method of NIOSH 7402 14) . Five to 100 grid openings of each prepared sample were scanned at a magnification of 10,000, and elemental compositions of detected fibers were determined by means of a transmission electron microscope (H-800, HITACHI Co., Tokyo, Japan) with an energy dispersive X-ray analyzer (7000Q, Kevex, Foster, USA) (analytical transmission electron microscope [ATEM]). Particles with paralleled sides and an aspect ratio (length/diameter) of more than 3 were considered to be fibers.
The types of asbestos were determined by comparing the elemental compositions of the asbestos in the airs, with those of standard reference samples obtained from the Japan Asbestos Association. Morphological features of fibers (e.g., hollow tube structure for chrysotile) were also used to identify asbestos. The size of the shortest fiber detected by ATEM was 0.2 µm in length and 0.02 µm in diameter. The detection limit was about 0.29 fibers/l when the samples volume was 4,800 l. Blank samples that went through all the preparation steps without sampling the airs were run every 8 samples. These blanks had no asbestos, and rarely had non-asbestos fibers. When a fiber was found, one half of the equivalent value of fiber per liter was subtracted from the sample value.
Statistical methods
The mean fiber concentrations are shown as geometric means. Where no fibers of a given type were seen, the concentration of that fiber type was set at one half of the detection limit to allow for the geometric mean calculation. The fiber concentrations of the airborne samples between the areas were compared by Kruskal-Wallis's one-way ANOVA and Mann-Whitney's U-tests, with the SPSS software for Windows version 8.0. Table 2 shows the airborne asbestos and non-asbestos fiber concentrations by area. The geometric mean of the airborne asbestos concentrations was highest in the industrial areas, followed by the business, residential, agricultural, fishing and forestry areas. The geometric means of asbestos concentrations were significantly higher in the industrial areas than in either the fishing or forestry areas (p<0.01, forestry area: p<0.05, fishing area), and those in the business and residential areas were significantly higher than in forestry areas (p<0.05).
Results
Asbestos and non-asbestos fiber concentrations by area
The geometric means of airborne non-asbestos concentrations were highest in the industrial areas followed by the residential, agricultural, business, fishing and forestry areas, and those in the industrial and business areas were significantly higher than in the forestry areas (p<0.01, industrial area: p<0.05, business area). Table 3 shows the airborne asbestos concentrations by fiber type. Chrysotile, amosite, actinolite and tremolite were found, whereas crocidolite and anthophyllite were not. The geometric mean of the chrysotile concentration was the highest, followed by actinolite, amosite and tremolite. The geometric mean of the chrysotile concentration was highest in the industrial areas, while those of the other types were highest in the business areas, which had statistically significant higher concentrations in the fishing and forestry areas. Table 4 shows the airborne asbestos and non-asbestos fiber concentrations in the urban and rural areas. The geometric means of the asbestos and non-asbestos fiber concentrations were significantly higher in the urban (industrial, business and residential areas) than in the rural areas (agricultural, fishing and forestry areas) (p<0.05). Table 5 shows the airborne asbestos fiber concentrations by fiber type in urban and rural areas. The geometric means of the airborne fiber concentrations of chrysotile, amosite, actinolite and tremolite were significantly higher in the urban than in the rural areas (chrysotile and tremolite, p<0.01: amosite and actinolite, p<0.05). Table 6 shows the airborne asbestos and non-asbestos fiber concentrations at the points less than 10 m and more than 30 m away from the highways, the neighboring and far points, respectively. The geometric means of airborne asbestos concentrations were significantly higher at the neighboring points than at the far points (p<0.01). However, there was no significant difference in the geometric mean of nonasbestos fiber concentrations between the neighboring and far points. Table 7 shows the airborne asbestos fiber concentrations by fiber type at the neighboring and far points. The geometric means of the airborne asbestos fiber concentrations of chrysotile, amosite, actinolite and tremolite were significantly higher at the neighboring than the far points (p<0.01).
Asbestos and non-asbestos fiber concentrations in urban and rural areas
Asbestos and non-asbestos fiber concentrations by distance from highway
Discussion
Analysis method
Most studies conducted in Korea so far have been limited to workers in asbestos-related industrial workplaces, and their analyses have been performed with a phase contrast microscope (PCM). This method has been found to have some problems in non-occupational settings; difficulties in the exact distinction between asbestos and non-asbestos fibers are likely to lead to overestimations, and it there are also difficulties in analyzing fiber pieces with diameters less than 0.2 µm 15) . According to existing studies 15, 16) , the detection sensitivity of PCM is about 0.01 fibers/cm 3 , which, as shown in this study, is far inferior to the measurement ranges in non-occupational environments. The alternative method of analyzing airborne asbestos, which resolves these problems, uses ATEM 17) , but this has not been used for analyzing airborne asbestos in occupational or non-occupational environments in Korea.
Though the ATEM method is superior to the PCM method for analyzing airborne asbestos, it is subject to greater expense for equipment and the operator's skills 17) . Besides samples are found not only in simple rod-shaped fiber substances, but also in various other forms, such as curved rods, complex bundles of fibrils or agglomerates of fibrils 16) , and much soot, such as non-asbestos and sooty smoke, taken in the course of sampling, give many difficulties in the analysis stage by the ATEM or PCM method. Therefore, for the future measurement of airborne asbestos, the development of good equipment which will guarantee convenient, easy reading and superb measurement technology along with standard methods are desirable.
Comparisons by region
The previous reports on the airborne asbestos concentrations in Europe and America have shown higher concentrations in cities or industrial than agricultural areas, and that the amounts of asbestos detected were similar to those in this study 15, 18) . The methods of measurement and analyses in these reports were different from those 10 to 20 yr ago, and direct comparison may not be feasible.
This research showed a significant difference in the density concentrations of the airborne asbestos fibers between in the areas in the vicinity of roads and those areas remote from roads, while no significant difference was found in the non-asbestos fiber concentrations. Thus, it can be strongly suggested that the density of airborne asbestos is largely attributed to the brakes of automobiles. This corresponds with the research findings for the concentration of airborne asbestos in automobile repair shops 12) . In addition, it can be said that the volume of traffic is a critical factor in explaining the difference in the airborne asbestos fiber concentrations of between cities and agricultural areas. Conversely, the airborne non-asbestos fiber concentrations were determined by environmental factors other than traffic volume (for example, construction materials and geographical features, etc.) as there was no difference in the non-asbestos fiber concentrations.
Studies on non-asbestos fiber, conducted in Europe showed 5-60 fibers/l in urban areas and less than 8 fibers/l in rural areas 19) with organic and man-made vitreous fibers (MMVF) being the main components. These concentrations were lower than those found in this study. However, as the European studies adopted scanning electron microscopy, it is hard to make a direct comparison between the concentrations found in this study.
Comparison between Korean and Japanese cases
Given the comparisons of similar areas in both countries, the overall asbestos concentration in Korea is considerably lower than that in Japan, although the Japanese regional division does not exactly correspond with that in Korea (Table  8) . Considering the relation with accumulated asbestos in lungs, it can be deduced that Japanese living in environments with higher airborne asbestos have more accumulated asbestos in their lungs than Koreans living in areas with lower concentrations of airborne asbestos (Table 8 ). The reason for this is that Japan has a longer history of using asbestos with greater volumes. Japan started to use asbestos 30 yr earlier than Korea, and their asbestos import volume marked 9,090,000 tons over 49 yr, from 1949 to 1997. Korea only has the records of asbestos import volume from 1976 with the import volume over the 26 yr, from 1976 to 2002, being 1,470,000 tons, while Japan imported 6,030,000 tons over the same period 1, 20, 21) . However, there are some problems with the interpretation for such differences. First, for the preparation of the samples taken, this study adopted the direct transfer method using a membrane filter, but there may have been the high possibilities of physical loss of the sample on the filter paper during the course of shipping the samples to Japan for analysis. Thus, there may also be the possibilities of underestimation eventually leaving big differences from the Japanese figures, but the results from the comparative exploration by region inside Korea should be assured to remain in the guidelines of the study.
Second, while Kohyama adopted indirect transfer as a preparation method for the airborne asbestos analysis in Japan 22) , the present study resorted to a direct transfer method. In general, the fiber concentration tends to be higher with an indirect rather than a direct method, as there is a high possibility of splitting of the fibers in preparation steps with an indirect method 15) . Yet, the research papers compared pulmonary asbestos concentrations between Korean and Japanese used the same preparation method, from which the inference that there was a difference in atmospheric asbestos concentrations in the two countries could be drawn.
With the fact that Korea's asbestos concentration is lower than that of Japan, further study on asbestos compositions using the same method is believed to allow reliable conclusions.
Monitoring the airborne asbestos
However, at this point, the question of the importance of airborne asbestos measurements is raised in terms of environmental public health. The reasons are as follows: Firstly, the concentration of airborne asbestos is considerably low. Secondly, other emerging issues are whether nonasbestos fibers accounting for much of the portion of the air sample are harmful to the human body or not, and whether the current concentrations of asbestos exposure are problematic or not.
In the USA, the airborne occupational and nonoccupational exposure limits of chrysotile are 0.1 fibers/cc (Occupational Safety and Health Agency) and 0.01 fibers/cc (states such as Minnesota and Maryland), respectively. Comparing with those limit values, the exposure concentration in a Korean non-occupational setting were as low as 1/500-1/1,000 and 1/50-1/100, respectively. Moreover, as the exposure concentration in an occupational setting is 2 fibers/cc according to the Korean Ministry of Labor, it is still low at 1/5,000-1/10,000. One of the study methods to identify the general public's environmental exposure to asbestos and non-asbestos fibers was the measurement of pulmonary concentrations of those fibers in general people [23] [24] [25] [26] [27] [28] . Among the reports on pulmonary fiber concentration in general people, Sakai's study addressed a comparative approach to asbestos and non-asbestos fibers contained in the lungs of Korean and Japanese 24) . The study led to the finding that the number of such fibers in Korean was smaller than that in Japanese with statistical significance. Therefore, it can be deduced that there is correlation between the differences between the Korean and Japanese airborne asbestos concentrations and asbestos concentrations in Korean and Japanese lungs.
In addition to the above findings, asbestos is accumulated in human lungs for a lifetime unlike other harmful materials, such as ozone, carbon dioxide and sulfur dioxide. The possibility of asbestos-related diseases are high with the acceleration of industrialization, demolition of rundown buildings and an aging population. Besides, asbestos should be considered to potentially contribute to the incidence or aggravation of chronic respiratory diseases.
There has been a tendency for Korean patterns of industrial structure and life style follow those of the Japanese. Although Korean asbestos concentrations were considerably low at the time of the measurements, it is expected that the concentrations in Korea will reach those of Japan quickly without fundamental measures on asbestos use.
In the USA, there are organizations, such as the Environmental Protection Agency, that have monitored asbestos use in non-occupational settings in every state since the 1980s 18, 29, 30) . In Japan, an asbestos monitoring project was launched in 1985 in order to identify environmental concentrations by region. The project has become the very basis of their demand to municipal authorities for asbestos elimination and their efforts to lower asbestos concentrations. However, in Korea there are a few standards for workers in asbestos-related workplace under the Industrial Safety and Health Act by the Ministry of Labor, but there are no standards for the general public.
Monitoring of airborne asbestos in general environment in Korea remains to be started, and studies are needed to establish standard methods for analyzing airborne asbestos. Since Korea has distinctively different seasons, and a peculiar climate, such as typhoon, summer rainy spell and yellow sand from China, monitoring should be conducted with regard to the effects of such characteristics on airborne asbestos concentrations. The knowledge of different asbestos concentrations by season, by night and day, and by region can make a great contribution to public health with basic guidelines for indoor ventilation and outdoor activities. In addition, since the only available method for asbestos disposal is dumping in landfills, its consequential effects such as overall water contamination from subterranean water contamination and their potential harms on humans should be taken into further consideration 31) .
